ABSTRACT: Electrical conductivity measurements have been used to detect extremely small changes in the oxygen content of oxide semiconductors in contact with reducing or oxidizing gases. In continuation of previous studies, the oxygen loss of chromium oxide in H 2 and S02 flows, as well as the oxygen gain in an oxygen atmosphere. were studied. In S02' the conductivity dropped instantaneously to minimum values due to its adsorption on adsorbed oxygen sites. The treatment of Cr.O, in S02 led to the elimination of chemisorbed oxygen and the covering of the surface with polymeric S02' In contrast, in an H 2 flow, the conductivity of CrPl initially exhibited an induction period during which the value was constant. At the end of the induction period, the conductivity increased rapidly to a maximum value and then dropped sharply to a minimum. The induction period may be regarded as the time necessary to create an oxygen vacancy, the activation energy for such a process being 21.1 kl/mol, A hydrogen molecule is then adsorbed on to the oxygen vacancy possibly as a hydride ion. and leading to the initial increase in the conductivity. The hydride ion then migrated to a chemisorbed oxygen site. where it formed a surface hydroxy group and caused a consequent decrease in the electrical conductivity, The surface then dehydroxylated due to the interaction of surface hydroxy groups with gaseous hydrogen, leaving coordinatively unsaturated surface chromium ions behind.
INTRODUCTION
Several studies have dealt with the effects of changing the oxygen content in transition metal oxide catalysts on their adsorption activity towards various gases (Arghiropoulos and Teichner 1964 ; Amigues and Teichner 1966; Fierro et al. 1983; Nag et al. 1987; Oyama et al. 1989) . It has been found that a deficiency of oxygen activates the adsorption of CO on to ZnO (Kim et al. 1979 ; Kim *Author to whom all correspondence should be addressed, and Han 1981) , of S02 on to Ti0 2 (Choi et al. 1977) and of 02 on to Fep, (Kim et al. 1979; Kim and Han 1981) . The nature of the adsorption sites has also been of great interest in several fundamental studies (Kim et al. 1979; Kim and Han 1981; Choi et al. 1977; Wang and Sleight 1996; Khader et al. 1991) . Interstitial metal ions have been found to be active sites for the adsorption of reducing gases (Arghiropoulos and Teichner 1964; Amigues and Teichner 1966) . Correspondingly, oxygen vacancies have been reported as being the active sites for oxidizing gases (Fierro et al. 1983; Nag et al. 1987) . Adsorbed oxygen sites have also been shown to be important for the adsorption of several gases (Kim et al. 1979; Kim and Han 1981) .
Electrical conductivity measurements have been used to monitor the changes in oxygen content for various metal oxide catalysts (Kim et al. 1979; Kim and Han 1981; Richard et al. 1988; Khader et al. 1993; Elhamid et al. 1996) . This technique has the advantage of being capable of detecting extremely small amounts of oxygen loss (Richord et al. 1988; Khader et al. 1993; Elhamid et al. 1996) . The electrical conductivity of a-Crp, has been studied by several investigators (Hagel and Seybolt 1961; Kofstad and Lillerud 1980; Park and Natesan 1990; Crawford and Vest 1964) . In this context, a number of studies have been made of the defect-dependent properties of Cr,O, when in contact with mixtures of gases with different oxygen activities (Young et al. 1987; Holt and Kofstad 1994a,b ) . At temperatures higher than 1300°C, the electrical conductivity of Crp, was found to be independent of the oxygen activity (Holt and Kofstad 1994a) . On the other hand, at temperatures lower than 700°C the conductivity of Cr.O, decreased dramatically in a hydrogen atmosphere (Young et al. 1987; Holt and Kofstad I994a,b) . The effect of H 2 on the conductivity was explained by Young et al. (1987) as being due to a p-n transition. Holt and Kofstad, on the other hand. suggested that hydrogen dissolved in the oxide and thereby greatly affected the defect structure of chromia and, consequently, its electrical conductivity (Holt and Kofstad I994a,b).
The present paper describes an investigation of the mechanism of adsorption of H" SO, and 0, on a Cr 20, surface.
---
EXPERIMENTAL

Sample preparation and electrical conductivity measurements
The Cr.O, sample was prepared in the form of a sintered pellet and then placed in the conductivity cell. All the experimental details relating to sample preparation, the conductivity cell and conductivity measurements have been described previously (Khader et al. 1998 ). The gases employed, i.e. H 2 (99.9%). Ar (99.0%) and 02 (99.0%), were supplied by the Egyptian Gas Company, while sulphur dioxide was prepared by reacting Na 2SOJ with H 2S04 and carried into the cell reactor by an Ar flow. Gases such as H 2, S02 and Ar were purified by passage through a series of columns filled with silica gel, anhydrous calcium chloride and copper turnings heated at 400°C. In contrast, 02 was used without further treatment. The gas flow was adjusted to 50 cmvmin in all cases by means of a calibrated float-sphere type flowmeter. Before allowing H 2 and S02 to flow over the specimen, oxygen was flowed over the latter for 0.5 h at the temperature being studied. All adsorption studies with H 2, S02 and 02 were conducted at five different temperatures, i.e. 200, 350. 400, 500 and 550°C, respectively.
Quantitative analysis of chemisorbed S02
Sulphur dioxide was allowed to adsorb on 1.0 g of Cr.O, powder for various periods of time at 400°C and the powder was then cooled in an S02 atmosphere down to 200°C. Sulphur dioxide was then degassed at 200°C by allowing Ar to flow for 0.5 h. The temperature was then raised to 400°C while Ar was still being flowed over the sample, and the output gas was trapped in a cooled (4°C) aqueous 0.01 M solution of NaOH. Heating at 400°C to desorb the chemisorbed SOz was performed for a period of I h. The amount of desorbed SOz trapped in the NaOH solution was determined quantitatively by iodimetric titration using 0.01 M I z (Welcher 1975) .
Surface area measurements
Multipoint BET surface area measurements were performed on Cr.O, powder using a NOVA-lOoo gas sorption analyser (Quantachrome Corporation, USA), nitrogen being used as the adsorbate at 77 K. Prior to cooling, the powder sample was degassed by heating at 773 K for I h and then cooled to 77 K in flowing N z. The BET surface area of Crp3 was found to be -120 m 2 /g.
RESULTS AND DISCUSSION
Adsorption of S02 Figure I illustrates the behaviour of the electrical conductivity of u-Cr.O, at 400°C in flowing SOz at I atm pressure. It will he seen that the conductivity instantaneously dropped to a minimum value. The decrease in the electrical conductivity may be attributed essentially to a subsequent change in the carrier concentration (Kim et al. 1979; Kim and Han 1981; Richord et al. 1988; Khader et al, 1993; Elhamid et al. 1996) . It is known that a-Cr Z03 is a p-type semiconductor so that the majority of the carriers are positively charged holes, h", i.e. the electrical conductivity, 0', is governed by the relationship:
where p is the hole density, 11 the carrier mobility and q the electronic charge.
Normally, during the flow of a reducing or an oxidizing gas over an oxide semiconductor, the change in the electrical conductivity is due to a subsequent change in the carrier concentration rather than to a change in the carrier mobility (Kim et al. 1979; Kim and Han 1981) . In the present case, the hole concentration decreased rapidly either due to the reduction of the oxide lattice or to the adsorption of S02' During reduction by SOz' the elimination of each lattice oxygen leaves a pair of electrons behind in the oxide lattice with no atomic orbitals to accommodate them. These electrons de-excite into the valence band and recombine with the majority carriers, i.e. holes, thereby causing a decrease in the electrical conductivity.
The possibility of a reduction reaction is excluded on the basis of the following facts: (i) the very rapid decrease in the electrical conductivity depicted in Figure I would have to correspond to a very fast rate of reduction of Cr 203 which is unlikely to occur at such a relatively low temperature (Wartenberg et al. 1923; Zecchina et al. 1971a) ; (ii) literature data show that the reduction temperature of o-Cr.O, is higher than I600°C (Wartenberg et al. 1923; Zecchina et al. 1971a; Reida et al. 1989 : Cho et al. 1990 ; and (iii) the very low activation energy associated with the present process is not compatible with the activation energy for the reduction of Crp3' With respect to the latter point, the activation energy for each process associated with a change in the electrical conductivity has been calculated from a detailed kinetic analysis and reported elsewhere (Khader et al. 1998) . Thus, it has been found that for the process which caused a decrease in the electrical conductivity in the presence of a reducing gas the activation energy was 61.05 kl/mol, When this value is compared with that of 180-280 kl/rnol corresponding to values reported for the reduction of
.::; Cr.O, (Holt and Kofstad 1994a; Reida et al. 1989; Cho et al. 1990; Moulin et al. 1984) , it must be concluded that the decrease in the electrical conductivity of Cr.O, is due to the adsorption of S02 rather than to the reduction of Cr 2 0 3
• This adsorption should produce conduction electrons which recombine with the majority carriers (holes) and cause the decrease in the electrical conductivity depicted in Figure 1 . Possible surface sites for S02 adsorption capable of producing conduction electrons are adsorbed oxygen ions, interstitial oxygens and chromium vacancies (Holt and Kofstad 1994a,b) . Adsorbed oxygen ions are formed due to the dissociative adsorption of molecular oxygen on a Cr,O, surface which occurs even at room temperature (Weller and Voltz 1954; Melver and Tobin 1960; Zecchina et al. 1971a) . In the present studies, the concentration of chemisorbed oxygen ions increased during the pretreatment process that took place in flowing oxygen before the admittance of an S02 flow over Cr 2 0 y Normally, every surface chromium ion in the n-Cr.O, lattice is surrounded by six ligands, three of which are lattice oxygen ions while the other three are surface groupings (Zecchina et al. 1971b) . These surface groups include chemisorbed oxygen, coordinated water and surface hydroxy groups. In the present case, during treatment of Cr.O, in an oxygen flow at 400°C prior to the introduction of S02' coordinative water as well as water formed by the condensation of two hydroxy groups was eliminated (Zecchina et al. 1971b) . Hence, before the introduction of S02' it is expected that the surface groupings would essentially be chemisorbed oxygen ions.
As mentioned previously, the adsorption of S02 could take place on adsorbed oxygen, interstitial oxygen or a chromium vacancy. Thus, during the adsorption of S02 the following equilibria are to be expected:
Chemisorbed oxygen:
where n is the number of charges on the chemisorbed oxygen ion (n = I or 2).
Interstitial oxygen:
379 (2) (3) where 0;-is an interstitial oxygen ion. Although conceptually different in approach, both reactions (2) and (3) have the same effect on the electrical conductivity.
Chromium vacancy:
where vi·; is a triply ionized chromium vacancy formed in the Crp,lattice according to the following disordered reaction (Holt and Kofstad I994a):
where O(latt) is an oxygen lattice ion on a lattice site.
The interstitial oxygen is unlikely to participate in reaction (5) because it is unlikely that a cation vacancy and an anion interstitial would exist close to each other, i.e. adsorption of S02 on a chromium vacancy is followed by its reaction with a chemisorbed oxygen ion. Suggested reactions (2), (3) and (6) are all consistent with the observation that the conductivity of n-Cr.O, decreased with S02 treatment as shown in Figure I . The step subsequent to these adsorption e-quilibria would be desorption of SO, gas. i.e. SO,(ads)~SO/g)
Desorption of SO, according to reactions (2) and (6) occurs as a result of the oxidation of SO, by adsorbed oxygen; however, in contrast, the corresponding desorption via reaction (3) occurs as a result of oxidation by interstitial oxygen ions. The rate of oxidation of S02 by chemisorbed oxygen is equivalent to the rate of desorption of chemisorbed oxygen. Thus, if the adsorption of S02 took place on either chemisorbed oxygen or on a chromium vacancy, i.e. if reactions (2) and (6) predominated, then the rate of decrease of electrical conductivity in the S02 flow would be equivalent to the rate of desorption of chemisorbed oxygen from the Cr.O, surface. Correspondingly, if S02 was oxidized by interstitial oxygen ions, the rate of decrease of electrical conductivity would then he equivalent to the rate of consumption of such interstitial ions. As the density of interstitial oxygen ions on the surface is limited in comparison to the density of chemisorbed oxygen ions, the rate of consumption of interstitial oxygen ions would not be expected to produce an exponential decay in the electrical conductivity. Hence, one can essentially relate the rate of decrease of electrical conductivity to the rate of desorption of chemisorbed oxygen. Thus, the exponential decay in the conductivity corresponds to an exponential rate of production of conduction electrons arising from the desorption of oxygen. Indeed, an IR spectroscopic study by Zecchina et al. (1971b) demonstrated that adsorbed oxygen on Cr 20, was desorbed above 400°C in the presence of a reducing atmosphere, in agreement with our findings. The desorption of chemisorbed oxygen would leave the surface chromium ions coordinatively unsaturated. These ions would then be saturated by the adsorption of S02 as discussed below.
Adsorption of "2 Figure 2 illustrates the conductivity transient in an H 2 flow at 400°C. However, the features in this figure are more complicated than those depicted in Figure 1 . Two more stages are noted prior to the decrease in the electrical conductivity; these are (i) an induction period during which the conductivity stayed constant and (ii) a sudden increase in the conductivity. The length of the induction period depended on the temperature, increasing as the temperature increased.
The main difference between the adsorption of H 2 and S02 capable of causing an induction period would be the dissociative adsorption of H 2. Such adsorption could lead to hydroxylation of the Cr.O, surface. For the conductivity data depicted in Figure 2 , it would be expected that the adsorption of H 2 would lead to an electronic process as in the case of S02' However, the adsorption sites for H 2 should be different from those for S02' If the adsorption of H 2 took place on the same sites as SO" i.e. on adsorbed oxygen, it would be expected that the conductivity should, initially, decrease as-a result of the following equilibrium: (9) Since the conductivity initially increased, it follows that hydrogen adsorption should have caused electron withdrawal from the surface, i.e. the following equilibrium is expected to represent the initial rise in the conductivity: ( 10) where e-is a conduction electron trapped on some surface sites. Possible sites for such an adsorption are either oxygen vacancies or chromium interstitials. The following disorder reactions represent the formation of these sites:
Oxygen vacancy: (11) where~:. is an oxygen vacancy.
Chromium interstitial:
(12) (13) where Cr. is an atom diffused in the interstitial site and Cr 3 + is an ionized interstitial Cr.
, ,
The adsorption of hydrogen either on to an oxygen vacancy or on to a chromium interstitial according to reaction (10) would consume some of the negative charges originally existing on these point defects. Hence. the contribution of positively charged holes, and consequently the electrical conductivity. would increase. The generation of oxygen vacancies is enhanced by hydrogen treatment; in contrast, the formation of chromium interstitials is not affected by the hydrogen flow. Thus, since the conductivity initially increased in the hydrogen flow after an induction period, it would be expected that oxygen vacancies were formed during this period. Ifchromium interstitials were present on the surface, no induction period would have occurred before hydrogen adsorption on these point defects. In conclusion. the increased conductivity depicted in stage 2 of Figure 2 is due to the adsorption of H, on oxygen vacancies according to reaction (10).
The constancy of the conductivity during the induction period could arise from electrons generated as a result of the formation of oxygen vacancies being trapped in these vacancies and, hence, not affecting the conductivity. The length of the induction period, r, may be related to the enthalpy of formation of an oxygen vacancy,~H, via an Arrhenius relation, i.e. t =' to exp(-~HIRT) (14) where 'to is a pre-exponential factor and R is the gas constant. The relationship between the logarithm of t and Iff should lead to a straight line whose slope would be equal to the enthalpy of formation of an oxygen vacancy. Figure 3 shows such a linear relationship and gives a value of 21.1 kJ/mol for the enthalpy of formation of an oxygen vacancy.
Subsequent to the initial increase in conductivity (stage 2 of Figure 2 ), a third stage occurred in which the conductivity decreased exponentially. As discussed earlier, the decrease in the conductivity was assigned to the chemisorption of S02 on adsorbed oxygen sites. Thus, the third stage in Figure 2 can also be assigned to the dissociative adsorption of previously sorbed hydrogen, H;, on adsorbed oxygen according to the following reaction: This reaction is consistent with the decrease in conductivity in an Hz flow during the third stage depicted in Figure 2 . Further hydrogenation would leave the surface unhydroxylated due to the elimination of surface hydroxy groups (Zecchina et al. 1971b) , i.e.
20H(ads) + Hz(g)~Hp(ads)
HP(ads)~HP(g)
The net result of the above equilibria is the desorption of chemisorbed oxygen. After such desorption, the surface chromium ions are either maintained unsaturated or bound to Hz.
Oxygen adsorption after SOz and Hz treatments
Figures 4(A) and (B) depict the electrical conductivity behaviour of Cr.O, in an O, atmosphere following SOz and Hz treatment at 400°C, respectively. In both figures it will be seen that the conductivities increased rapidly to maximum values. However, a number of differences were noted experimentally: (i) at temperatures below 350°C, the conductivity did not change significantly in O, after S02 treatment although it increased rapidly after H 2 adsorption; (ii) after attaining maximum values in the S02 + 02 treatment, the conductivity stayed constant although it decreased somewhat after similar treatment in H 2 +°2" The increase in conductivity during oxygen flow at 400°C is essentially due to the electronic dissociative adsorption of 02 on the Cr.O, surface according to: The sites for oxygen adsorption are expected to be coordinatively unsaturated surface chromium ions. As discussed earlier above, chemisorbed oxygen was desorbed in the presence of H, or SO, leading to the production of coordinatively unsaturated chromium ions. These surface ions either remained unsaturated or were associated with the reducing gases through some kind of surface chemical bonding. However, if the adsorption of either H 2 or S02 were through strong surface chemical bonds, it follows that in an 02 atmosphere the adsorption of oxygen would be retarded. From Figures 4(A) and (B) it will be seen that the conductivity increased very rapidly in 02 after S02 or Hz adsorption. Hence, at 400°C, oxygen was immediately adsorbed without retardation. On the other hand, at temperatures lower than 350°C, the observed resistance of Cr.O, to any increase in conductivity in 0, after an SO, flow must be due essentially to the strong adsorption of SO, thereby retarding the chemisorption of 02' Such a retardation process would not be expected to exist in the H/0 2 system, suggesting that if H 2 were adsorbed to the unsaturated surface chromium ions such adsorption would be very weak.
A possible reason for the strong adsorption of SOz on Cr.O, could be the formation of polymeric chains of S02 units according to the mechanism shown in Scheme 1. The length of the polymeric chains should depend on the time of exposure of Cr.O, to an S02 stream. Indeed, on exposing a powder sample of Cr.O, to flowing S02 at 400°C for various periods of time and subsequently analyzing the amounts of S02 desorbed at the same temperature, it was found that larger amounts of S02 were desorbed after longer adsorption times as shown by the results given in Table I . The larger amounts of desorbed S02 listed in Table 1 corresponded to longer chains of adsorbed S02' Correspondingly, the electrical conductivity of the Crp/02 system at 400°C after exposure of the Cr.O, to an S02 stream exhibited little change despite prolonged exposure as depicted in Figure 5 . The data listed in Table 1 together with those depicted in Figure 5 clearly show that large amounts of S02 were adsorbed on Cr.O, and retarded the adsorption of 02' This can be explained in terms of the formation of polymeric chains upon adsorption of S02 on to Cr 203 as represented in Scheme I. 
.7e-5 60 min
.6e-5 The comparison of the extent to which the conductivity of Cr.O, is decreased in H 2 and S02 atmospheres as shown in Figure 6 makes it clear that hydrogen adsorption caused a greater decrease in the conductivity than that observed on S02 adsorption. This difference may be explained by assuming a greater contribution of chromium ions towards H 2 adsorption. Correspondingly, the smaller decrease in the conductivity on S02 adsorption may be associated with the smaller contribution of chromium ions towards S02 adsorption. Thus, after some of the chromium ions are covered by S02 molecules, further treatment in S02 produces polymeric chains rather than the coverage of new chromium ion sites. Hence, the results depicted in Figure 6 provide further evidence in favour of our suggestion for the formation of polymeric S02 chains. As far as the stage in the process where the conductivity in 02 after an H 2 flow decreased [stage 2 of Figure 4 (B)], such a decrease could possibly be due to hydrogenation of chemisorbed oxygen by some residual H 2as suggested by reaction (9). The hydrogen contributing to such a reaction could possibly have been absorbed into the bulk of the Cr.O, and spilled over the surface when the H 2 flow was discontinued and 02 admitted to the system.
CONCLUSIONS
The following conclusions arise from the work undertaken: I. When S02 was allowed to flow over a Cr 203 surface containing adsorbed oxygen sites, further adsorption of S02 occurred on the chemisorbed oxygen, a process which required no activation energy.
2. In contrast, the adsorption of Hz on a Crp, surface occurred via the formation of an H; anion through electron withdrawal from the surface, followed by the adsorption of the anion on an oxygen vacancy. The enthalpy of formation of such oxygen vacancies was found to be 21.1 kl/mol. The hydrogen anion so adsorbed reacted further with chemisorbed oxygen to form surface hydroxy groups. 3. Chemisorption of oxygen after treatment of a Cr.O, surface with hydrogen occurred spontaneously at temperatures as low as 200°C. In contrast, after treatment of the surface with SOz' the chemisorption of oxygen was retarded at temperatures below 350°C due to the formation of polymeric chains of S02 linked to the surface.
